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(54) Friction stir joining apparatus 

(57) In the friction stir joining apparatus of the 
present invention, a rotation control unit (12) variably 
controls a rotational speed of a rotor (22); and a straight 
movement control unit (11) controls a straight move- 
ment of the rotor (22) so as to control a pressure applied 
by the rotor to the object. The tip portion (52) of the ro- 
tating rotor (22) is pressed against a workpiece, thus 
spot joining is executed. The apparatus can execute fric- 
tional stir joining without practical trouble under simple 
control. 



CM 
< 

00 
CO 

00 
CM 




FIG. 1 



CL 
LU 



Printed by Jouve. 75001 PARIS (FR) 



jDOCID: <EP 1281468A2J_> 



1 



EP 1 281 468 A2 



2 



Description 

BACKGROUND OF THE INVENTION 

* Field of the Invention 

[0001] The present invention relates to a friction stir 
joining apparatus for softening, stirring, and joining an 
object to be joined by frictional heat due to rotation, and 
a method of controlling the friction stir joining apparatus. 

Description of the Related Art 

[0002] There are some methods for joining an alumi- 
num body of a car such as aluminum spotwelding an- 
drivet joining. However, problems are imposed that the 
piping and utility of a robot machine are complicated and 
the operational environment is bad such as large noise 
and generation of sparks. In view of the above problems, 
a spot joining apparatus using friction stir joining method 
is proposed. 

[0003] The friction stir joining method presses a work- 
piece, which is an object to be joined, by rotating a rotor 
having a pin at its distal end at high speed and executes 
spot joining by frictional stirring. 

[0004] A spot joining apparatus using friction stir join- 
ing method can be applied to an existing spot welding 
gun which is used for resistance welding. However, in 
the spot welding using the spot welding gun, an elec- 
trode of the spot welding gun is not rotated. Accordingly, 
the conventional spot welding control method for the 
spot welding gun cannot be directly applied to the spot 
joining apparatus using friction stir joining method. 
[0005] Further, theconventional spot welding gun ser- 
vo-controls pressure. Namely, the gun detects pressure 
in real time during the joining operation and feedback- 
controls it so as to generate a motor current according 
to the pressure. This control provides no particular trou- 
ble in the welding quality as the conventional spot weld- 
ing control. 

[0006] On the other hand, the friction stir joining meth- 
od has a peculiar behavior property due to a phenome- 
non relating to frictional heat like frictional stirring, and 
definition and explication thereof are just started by the 
persons concerned, and a control method forfriction stir 
joining method is not proposed yet. 
[0007] Accordingly, a method for applying the exisLing 
servo control for a conventional spot welding may be 
considered as control for a friction stir joining method. 
Namely, the method monitors the rotational speed in re- 
al time during the joining operation and feedback-con- 
trols it so as to always obtain a most suitable rotational 
speed. Furthermore, a method for also monitoring the 
pressure in real time and feedback-controlling it so as 
to always obtain most suitable pressure may be consid- 
ered. However, such servo-control for the rotational 
speed and pressure is extremely complicated and real- 
ization thereof is difficult. 



[0008] The present invention is intended to provide a 
friction stir joining apparatus and a method for control- 
ling the same for executing frictional stirring spot joining 
without practical trouble under simple control. 

5 

SUMMARY OF THE INVENTION 

[0009] A friction stir joining apparatus according to the 
present invention comprises: a rotor having atip portion; 

10 a rotation motor for rotating said rotor about a rotation 
axis; a straight movement motor for moving said rotor 
along said rotation axis, said tip portion of a rotating rotor 
being pressed against an object to be joined so that said 
object is softened and stirred by a frictional heat at a 

?5 contact between said tip portion and said object; a rota- 
tion control unit for variably controlling a rotational 
speed of said rotor; and a straight movement control unit 
for controlling a straight movement of said rotor so as to 
control a pressure applied by said rotor to said object. 

20 [0010] Preferably, the friction stir joining apparatus 
further comprises: a support member fixedly supporting 
said rotation motor and said straight movement motor, 
said rotor being supported by said support member so 
as to be able to rotate about and move along said rota- 

25 tion axis; a rotation transmitting unit for transmitting a 
rotary power from said rotation motor to said rotor while 
allowing said rotor to move along said rotation axis; and 
a straight movement transmitting unit for transmitting a 
straight movement power from said straight movement 

30 motor to said rotor while allowing said rotor to rotate 
about said rotation axis. 

[0011] Preferably, the friction stir joining apparatus 
further comprises: a receiver fixedly mounted on said 
support member so as to receive said object which is 

35 positioned between said rotor and said receiver; and a 
rotation shaft extending along said rotation axis, said ro- 
tor being mounted on said rotation shaft, said rotation 
transmitting unit transmitting said rotary power from said 
rotation motor to said rotation shaft while allowing said 

40 rotation shaft to move along said rotation axis; and said 
straight movement transmitting unit includes: a screw 
shaft of hollow shape for moving said rotor straight, said 
rotation shaft being inserted in said screw shaft; and a 
nut member rotatably supported by said support mem- 

^5 ber and screwed on said screw shaft so as to form a ball 
screw, said nut member being configured to be rotated 
by said straight movement motor. 
[0012] Preferably by use of at least one of said rota- 
tion control unit and said straight movement control unit, 

50 said apparatus detects whether said tip portion of said 
rotor is joined with said object due to fusion. 
[0013] Preferably, said rotation control unit during a 
joining operation detects whether said rotational speed 
of said rotor is within a predetermined range of rotational 

55 speed or not and when said rotation control unit judges 
that said rotational speed is not within said predeter- 
mined range of rotational speed, said rotation control 
unit stops said joining operation. 
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[0014] Preferably, said straight movement control unit 
"during a joining operation detects whether pressure is 
within a predetermined range of pressure or not and 
when said straight movement control unit judges that 
said pressure is not within said predetermined range of 
pressure, said straight movement control unit stops said 
joining operation. 

[0015] Preferably, said rotation control unit changes 
said rotational speed of said rotor during a joining oper- 
ation. *L 

[0016] Preferably, said straight movement control unit 
outputs in.van early stage of said joining operation a 
speed instruction value of triangular wave shape having 
an inclined wave portion which increases said rotation 
speed of said rotor with time. 

[0017] Preferably, said straight movement control unit 
changes said pressure during a joining operation. 
[0018] Preferably, said rotation control unit changes 
said rotational speed of said rolor during a joining oper- 
ation; and said straight movement control unit changes 
said pressure during said joining operation. 
[0019] Preferably, said rotation control unit changes 
said rotational speed of said rotor with time during said 
joining operation. 

[0020] Preferably, said rotation control unit changes 
said rotational speed of said rotor during said joining op- 
eration so as to decrease said rotation speed of said 
rotor with time. 

[0021] Preferably, said rotation control unit changes 
said rotatiorial speed of said rotor during said joining op- 
eration so as to increase said rotation speed of said rotor 
with time. 

[0022] Preferably, said rotation control unit changes 
said rotational speed of said rotor during said joining op- 
eration so that said rotational speed is set at high speed, 
low speed, and high speed in this order with time. 
[0023] Preferably, said rotation control unit controls 
said rotational speed of said rotor during said joining op- 
eration so that said rotational speed is changed in steps 
or continuously with time. 

[0024] Preferably, said straight movement control unit 
outputs in an early stage of said joining operation a 
speed instruction value of a wave shape having an in- 
clined wave portion which increases said rotation speed 
of said rotor with time. 

[0025] Preferably, said wave shape of said speed in- 
slruclion is triangular. 

[0026] A method of controlling a friction stir joining ap- 
paratus including a rotor having a tip portion; a rotation 
motor for rotating said rotor about a rotation axis; a 
straight movement motor for moving said rotor along 
said rotation axis, said tip portion of a rotating rotor being 
pressed against an object to be joined so that said object 
is softened and stirred by a frictional heat at a contact 
between said tip portion and said object according to the 
present invention, comprises: a rotation control step of 
variably controlling a rotational speed of said rotor using 
a rotation control unit; and a straight movement control 



step of controlling a straight movement of said rotor so 
as to control a pressure applied by said rotor to said ob- 
ject using a straight movement control unit. 
[0027] Preferably said friction stir joining apparatus 
5 further comprises a support member fixedly supporting 
said rotation motor and said straight movement motor, 
said rotor being supported by said support member so 
as to be able to rotate about and move along said rota- 
tion axis; a rotation transmitting unit for transmitting a 
10 rotary power from said rotation motor to said rotor while 
allowing said rotor to move along said rotation axis; and 
a straight movement transmitting unit for transmitting a 
straight movement power from said straight movement 
motor to said rotor while allowing said rotor to rotate 
*5 about said rotation axis. 

[0028] Preferably said friction stir joining apparatus 
further comprises a receiver fixedly mounted on said 
support member so as to receive said object which is 
positioned between said rolor and said receiver; and a 

20 rotation shaft extending along said rotation axis, said ro- 
tor being mounted on said rotation shaft, said rotation 
transmitting unit transmitting said rotary powerfrom said 
rotation motor to said rotation shaft while allowing said 
rotation shaft to move along said rotation axis; and said 

25 straight movement transmitting unit includes a screw 
shaft of hollow shape for moving said rotor straight, said 
rotation shaft being inserted in said screw shaft; and a 
nut member rotatably supported by said support mem- 
ber and screwed on said screw shaft so as to form a ball 

30 screw, said nut member being configured to be rotated 
by said straight movement motor. 
[0029] Preferably, by use of at least one of said rota- 
tion control unit and said straight movement control unit, 
said apparatus detects whether said tip portion of said 

35 rotor is joined with said object due to fusion. 

[0030] Preferably said rotation control unit during a 
joining operation detects whether said rotational speed 
of said rotor is within a predetermined range of rotational 
speed or not and when said rotation control unit judges 

^o that said rotational speed is not within said predeter- 
mined range of rotational speed, said rotation control 
unit stops said joining operation. 
[0031] Preferably said straight movement control unit 
during a joining operation detects whether pressure is 

45 within a predetermined range of pressure or not and 
when said straight movement control unit judges that 
said pressure is not within said predetermined range of 
pressure, said straight movement control unit stops said 
joining operation. 

so [0032] Preferably said rotation control unit changes 
said rotational speed of said rotor during a joining oper- 
ation. 

[0033] Preferably said straight movement control unit 
outputs in an early stage of said joining operation a 
55 speed instruction value of triangular wave shape having 
an inclined wave portion which increases said rotation 
speed of said rotor with time. 

[0034] Preferably said straight movement control unit 
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changes said pressure during a joining operation. 

" [0035] Preferably, said rotation control unit changes 
said rotational speed of said rotor during a joining oper- 
ation; and said straight movement control unit changes 

"said pressure during said joining operation. 
[0036] Preferably, said rotation control unit changes 
said rotational speed of said rotor with time during said 
joining operation. 

[0037] Preferably, said rotation control unit changes 
said rotational speed of said rotor during said joining op- 
eration so as to decrease said rotation speed of said 
rotor with time. 

[0038] Preferably, said rotation control unit changes 
said rotational speed of said rotor during said joining op- 
eration so as to increase said rotation speed of said rotor 
with time. 

[0039] Preferably, said rotation control unit changes 
said rotational speed of said rotor during said joining op- 
eration so that said rotational speed is set at high speed, 
low speed, and high speed in this order with time. 
[0040] Preferably, said rotation control unit controls 
said rotational speed of said rotor during said joining op- 
eration so that said rotational speed is changed in steps 
or continuously with time. 

[0041] Preferably, said straight movement control unit 
outputs in an early stage of said joining operation a 
speed instruction value of a wave shape having an in- 
clined wave portion which increases said rotation speed 
of said rotor with time. 

[0042] Preferably, said wave shape of said speed in- 
struction is triangular. 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0043] 

Fig. 1 is a drawing showing the structure of the spot 
joining gun 20 which is an embodiment of the 
present invention. 

Fig. 2 is a drawing showing the first half of the flow 
chart of joining control of the present invention. 
Fig. 3 is a drawing showing the latter half of the flow 
chart of joining control. 
Fig. 4 is a timing chart of joining control. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

[0044] Fig. 1 is a drawing showing the structure of a 
spot joining gun 20 which is an embodiment of the fric- 
tion stir joining apparatus of the present invention. The 
spot joining gun 20 is mounted, for example, in a wrist 
of a 6-axis perpendicular multi-join type robot and used 
for spot joining of a workpiece made of an aluminum al- 
loy such as an aluminum body of a car by a frictional 
stirring method. 

[0045] The spot joining gun 20 has a rotor 22, a gun 
arm 21 mounted on the wrist of the robot for functioning 



as a support member for supporting the rotor 22, a ro- 
tation motor 25 for driving the rotor 22 so as to rotate, a 
straight movement motor 24 for moving the rotor 22 
straight, a rotation transfer unit 30 for transferring the 

5 rotary power of the rotation motor 25 to the rotor 22. and 
a ball screw 50 and additionally has a straight movement 
transfer unit 45 for transferring the straight movement 
force of the straight movement motor 24 to the rotor 22 
and a controller 10. 

10 [0046] The respective join axes of the robot are driven 
by the 6 servo motors of the first axis to the sixth axis, 
and the seventh axis is the straight movement motor 24 
of the spot joining gun 20, and the eighth axis is the ro- 
tation motor 25 (the eighth axis may be referred to as a 

is rotation axis). These servo motors are controlled by the 
controller 10. Namely, the straight movement motor 24 
is controlled by a straight movement control unit 11 of 
the controller 1 0, and the rotation motor 25 is controlled 
by a rotation control unit 12 of the controller 1 0, and the 

20 respective motors of the first axis to the sixth axis are 
controlled by the corresponding control units of the con- 
troller 10 which are not shown in the drawing. 
[0047] The rotor 22 is in a truncated cone shape and 
mounted to the gun arm 21 with the tip portion positioned 

25 down so as to rotate about the central axis as a rotation 
axis L. Further, at the tip portion of the rotor 22, a cylin- 
drical shoulder part 51 is formed and on the bottom of 
the shoulder part 51 , a cylindrical pin 52 having the ro- 
tation axis L as an axial center is projected downward. 

30 Further, the rotor 22 can move up and down along the 
rotation axis L. 

[0048] On the upper part of the gun arm 21 , the rota- 
tion motor 25 and the straight movement motor 24 which 
are realized by a servo motor are fixed, and the lower 
35 part thereof is bent in an L-shape, and a receiver 23 is 
fixed to the end thereof. The receiver 23 is cylindrical, 
and the rotation axis L is an axial center, and the top 
surface thereof is arranged opposite to the tip portion of 
the rotor 22. 

40 [0049] The rotor 22 is held by a head 40 in a remov- 
able state and the head 40 is supported by a head sup- 
port 41 via a bearing 70 so as to freely rotate about the 
rotation axis L. To the rotor 22, a rotation shaft 26 ex- 
tending upward along the rotation axis L isfixed. Further, 

45 to the head 40, an outer cylinder, through which the ro- 
tation shaft 26 is inserted, extending upward along the 
rolalion axis L is fixed. The outer cylinder functions as 
a screw shaft 27 of the ball screw 50. Therefore, the ro- 
tation shaft 26 is driven so as to rotate by the rotation 

50 motor 25, and the screw shaft 27 is moved up and down 
by the straight movement motor 24, thus the rotor 22 
can be rotated and moved straight. 
[0050] Next, the constitution of the rotation transfer 
unit 30 for transferring the rotation power of the rotation 

55 motor 25 to the rotation shaft 26 will be explained. The 
rotation transfer unit 30 has a mechanism for allowing 
movement of the rotor 22 in the direction of the rotation 
axis L of the rotation shaft 26 to which the rotor 22 is 
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connected and transferring the rotation power of the ro- 
* tation motor 25 to the rotor 22 and has a belt wheel 31 
fixed to the output shaft of the rotation motor 25, a belt 
wheel 32 connected to the rotation shaft 26, and a ring 
'timing belt 33 wound round the belt wheels 31 and 32. 
The belt wheel 31 and the rotation shaft 26 are, for ex- 
ample, spline-coupled and the belt wheel 32 and the ro- 
tation shaft 26 are restricted in the rotation about the 
rotation axis L and allowed in the movement in the di- 
rection of the rotation axis L. Therefore, by rotating pow- 
er of the rotation motor 25, the rotor 22 can be driven so 
as to rotate in a movable state in the direction of the 
rotation axis L. 

[0051] Next, the constitution of the straight movement 
transfer unit 45 will be explained. The straight move- 
ment transfer unit 45 has the ball screw 50 composed 
of the screw shaft 27 and a nut member 28, a belt wheel 
46 fixed to the output shaft of the straight movement mo- 
tor 24, a belt wheel 48 fixed to the nul member 28, and 
a ring timing belt 47 wound round the belt wheels 46 and 
48. The screw shaft 27 of the ball screw 50 is hollow as 
mentioned above and the rotation shaft 26 freely passes 
inside it. The screw shaft 27 is supported by the gun arm 
21 via a retainer 55. The retainer 55 has a plurality of 
balls and holds the screw shaft 27 so as to move freely 
in the direction of the rotation axis L with the rotation 
about the rotation axis L is restricted. Under the retainer 
55, the nut member 28 is installed. In the outer periph- 
eral part of the screw shaft 27, a screw groove is formed 
and the nut member 28 is screwed into the screw 
groove. 

[0052] The nut member 28 is supported by the gun 
arm 21 via the bearing so as to freely rotate about the 
rotation axis L. Under the nut member 28, the belt wheel 
48 is fixed and the belt wheel 48 and the nut member 
28 rotate together. Therefore, when the straight move- 
ment motor 24 is rotated, the nut member 28 rotates via 
the timing belt 48. When the nut member 28 rotates, the 
screw shaft 27 moves up and down in the direction of 
the rotation axis L. To the lower part of the screw shaft 
27, the head support 41 is fixed and to the head support 
41 , the head 40 for holding the rotor is connected so as 
to freely rotate. 

[0053] When the rotation transfer unit 30 and the 
straight movement transfer unit 45 mentioned above are 
used, by rotating the rotor 22 about the rotation axis L 
at high speed by the rotation motor 25, il is possible to 
move the rotor 22 up and down along the rotation axis 
L and perform the open-close operation of the spot join- 
ing gun 20. 

[0054] Next, by referring to the flow charts shown in 
Figs. 2 and 3 and the timing chart shown in Fig. 4, the 
control method by the controller 10 during spot joining 
will be explained. Fig. 4(1) shows pressure. Fig. 4(2) 
shows a speed instruction value to the straight move- 
ment motor (the seventh axis) 24, and Fig. 4(3) shows 
a movement displacement instruction value to the 
straight movement motor (the seventh axis) 24. Further, 



the integral value of the speed instruction value shown 
in Fig. 4(2) is the movement displacement instruction 
value shown in Fig. 4(3) and inversely, the differential 
value of the movement displacement instruction value 

5 shown in Fig. 4(3) is the speed instruction value shown 
in Fig. 4(2). Fig. 4(4) shows a rotational speed instruc- 
tion value to the rotation motor (the eighth axis) 25. 
[0055] The spot joining operation executes spot join- 
ing, for example, of 2 workpieces with a thickness of 

10 about 2 mm. In this case, the two workpieces are made 
of an aluminum alloy and superposed and arranged al- 
most horizontally and there are a plurality of join parts 
for each workpiece. 

[0056] When the spot joining control is started, firstly 
is at Step S1 } the spot joining gun 2 is positioned at the 
position P1 . The position PI of the spot joining gun 2 is 
a position where, when the join part of the workpieces 
is set at the join point P2, the tip portion of the pin 52 of 
the rolor 22 is arranged at the position a predetermined 
20 distance upward from the join point P2 (for example, up- 
ward by 50 mm), and the receiver 23 of the spot joining 
gun 20 is arranged at the position under the join point 2 
a predetermined distance downward from the workpiec- 
es. 

25 [0057] Next, at Step S2, the closing operation of the 
joining gun 20 is started. Namely, at the time t1 , as 
shown in Fig. 4, (2) and (3), a speed instruction value 
and a movement displacement instruction value are out- 
put to the straight movement motor 24. The reason that 

30 the speed instruction value to the straight movement 
motor 24 is in a triangular wave shape is to prevent that 
the tip portion of the rotor 22 suddenly collides with the 
workpiece and the workpiece vibrates. 
[0058] Further in the spot joining gun 20, only the ro- 

35 tor 22 moves straight and closes while the receiver 23 
is fixed. Accordingly, it is necessary to move down the 
rotor 22 and move up the gun 20 by the robot to hold 
the workpiece in the vertical direction. Therefore, in the 
closing operation at Step S2, the rotor 22 is moved down 

40 by the straight movement motor 24 and the gun 20 is 
moved so as to move up in the direction of the rotation 
axis L of the rotor 22 using the sixth axis of the robot. In 
this way, the sixth axis of the robot is controlled so as to 
make the point of time when the tip portion of the rotor 

*5 22 makes contact with the top of the workpiece and the 
point of time when the receiver 23 makes contact with 
the bottom of the workpiece coincide with each other. 
[0059] Next, at Step S3, the rotor 22 starts rotation 
(time t2). 

50 [0060] Then, when the workpiece reaches the join 
point P2 at Step S4 (time t3) ; that is, the tip portion of 
the pin 52 of the rotor 22 makes contact with the work- 
piece, pressurization is started at Step S5. Thereafter, 
at Step S6, the rotation control unit 12 judges whether 

55 the rotation motor 25 is within a predetermined speed 
range or not. 

[0061] In this embodiment, this judgment is executed 
once during the pressurization of the joining operation 
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and at any timing during pressurization, the rotation con* 
*' trol unit 12 detects the instantaneous value of the rota- 
tional speed. In this embodiment., as shown in Fig. 4(1 ), 
assuming each pressurization time as t L , at the central 
* point of time, that is : when t L /2 elapses from the pres- 
surization start time t3, the rotation control unit 12 de- 
tects the instantaneous value of the rotational speed. 
The rotational speed is designated at, for example, 3000 
rpm and the predetermined rotational speed range is, 
for example, less than ±1 0% of the designated rotational 
speed, preferably less than ±5%. Or, instead of %, the 
range may be set by the number of rotations such as 
less than ±X rpm. 

[0062] And , when the rotational speed is not within the 
predetermined range, as a rotational speed error, at step 
S7, the rotation control unit 1 2 judges as a rotation motor 
(the eighth axis) error and outputs a robot error signal 
and at Step S8, the rotation control unit 12 stops all the 
molors of Ihe first axis lo the eighth axis and slops Lhe 
robot. 

[0063] When the rotation control unit 12 judges at 
Step S6 that the rotational speed is within the predeter- 
mined range, the process goes to Step S9 and the 
straight movement control unit 11 detects the instanta- 
neous value of pressure and judges whether it is within 
a predetermined pressure range or not. For example, 
when the pressure is designated at 2.94 kN (300 kg), 
the predetermined pressure range is less than ±5%, 
preferably less than ±1%. Or, instead of %, the range 
may be set by the pressure such as less than Y kN. The 
instantaneous value of pressure is detected by detect- 
ing the current of the straight movement motor (the sev- 
enth axis) 24 by the straight movement control unit 11 
and instantaneously checking the load current of the 
motor with the registered data. When the straight move- 
ment control unit 1 1 judges in this way that the pressure 
is not within the predetermined pressure range, as a 
pressure error of the pressurization axis (the seventh 
axis), the straight movement control unit 11 outputs a 
robot error signal at Step S10 and stops all the motors 
of the first axis to the eighth axis at Step S8. 
[0064] When the straight movement control unit 11 
judges at Step S9 that the pressure is within the prede- 
termined pressure range, the process goes to Step S1 1 . 
At Step S11, the rotation control unit 12, as shown in 
Fig. 4(4), changes the rotational speed. In the friction 
slir joining method, rather than by stirring at a fixed ro- 
tational speed from start of joining to end of joining, by 
stirring at a high rotational speed in the early stage of 
joining and at a low rotational speed upon completion of 
joining, better joining quality can be obtained. In this em- 
bodiment, as shown in Fig. 4(4), the rotational speed is 
switched in 3 stages, and in the early stage from the 
pressurization start time t3 to the time t4, the rotational 
speed is switchedto high speed, and in the intermediate 
stage from the time t4 to the time t5, the rotational speed 
is switched to intermediate speed, and in the end stage 
from the time t5, the rotational speed is switched to low 



speed. These speeds are set by a different parameter 
from the reference rotational speed, 3000 rpm in this 
case. 

[0065] When the tip portion of the pin 52 of the rotor 
5 22 rotates at high speed in a state that it is pressed by 
a workpiece, frictional heat is generated between the pin 
52 and the workpiece, andthejoin point is softened, and 
the pin 52 is inserted into the workpiece. The shoulder 
part 51 of the rotor 22 is also pressed against the work- 
to piece surface, and frictional heat is generated also here, 
and the workpiece is softened and stirred. In this way, 
in the early stage, the workpiece is stirred at high speed, 
and in the intermediate stage, the rotational speed is 
decreased and the workpiece is stirred at intermediate 
*5 speed, and in the end stage, the rotational speed is de- 
creased more and the workpiece is stirred at low speed. 
[0066] In this way, the rotational speed is switched 
down to low speed in a state of application of fixed pres- 
sure and then the process goes lo Step S12. At Step 
20 S12 : for example, a predetermined time from pressuri- 
zation start is measured by an internal timer and when 
a predetermined time, for example, 0.5 to 1 second is 
measured, the processing is assumed to be completed 
and at the next step S13, the opening operation is stan- 
ds ed. The time at this time is the time t6. 

[0067] The opening operation, as shown in Fig. 4, (2) 
and (3), outputs the speed instruction value and move- 
ment displacement instruction value from the straight 
movement control unit 12 to the straight movement mo- 
30 tor 24 so as to move up the rotor 22. Further, at this time, 
the opening operation instructs the sixth axis of the robot 
so as to separate the tip portion of the rotor 22 and the 
receiver 23 from the workpiece at the same time. 
[0068] At the next step S14, whether bonding due to 
35 fusion between the rotor 22 and the workpiece is gen- 
erated or not is judged. Judgment of bonding generation 
in this embodiment is executed by the straight move- 
ment control unit 1 1 and the rotation control unit 1 2, and 
for example, when the current of the straight movement 
40 motor (the seventh axis) 24 detected by the straight 
movement control unit 1 1 is largerthan a specified value 
(for example, X% of the rated torque or equivalent) or 
when the current of the rotation motor (the eighth axis) 
25 detected by the rotation control unit 12 is largerthan 
•*5 a specified value (for example, X% of the rated torque 
or equivalent), the corresponding unit judges it as a ro- 
bot error, goes lo Step S15, displays, for example, 
"Bonding due to fusion is detected- or "Collision or ab- 
normal disturbance is detected"; sounds an alarm, stops 
50 all the first axis to the eighth axis, and stops the robot. 
Further, the detection of bonding due to fusion may be 
based on the judgment of only the current of the straight 
movement motor 24, or it may be based on the judgment 
of only the current of the rotation motor 25, or it may be 
55 based on the synthetic judgment of the currents of both 
the motors 24 and 25. 

[0069] And, the separation operation between the 
workpiece and the rotor is performed. The separation 
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operation, for example, pulls up the rotor by rotating. 
"The rotational direction of the rotor may be the same as 
or inverse to the rotational direction at the time of stirring 
joining. 

"[0070] The pin 52 at the tip portion of the rotor may 
be threaded. For example, when the pin 52 is threaded 
right-handed, to improve the stirring efficiency during 
joining, the pin 52 is rotated counterclockwise. Namely, 
by rotation of the screw, the peripheral base material is 
rotated soias to move down. Therefore, in such a case, 
at the time of the separation operation, the rotational di- 
rection of the rotor is not inverted and kept in the same 
direction as that at the time of joining. By doing this, the 
peripheral base material moves down and force is ap- 
plied in the direction for separating the rotor. When the 
pin 52 is not threaded, it is preferable to separate the 
rotor in the opposite direction to that at the time of join- 
ing. 

' \ [0071] When no generation of fusion is judged at Step 
_y S1 4, the opening operation is continued at the next step 
S16 until the tip portion of the pin 52 of the rotor 22 is 
separated from the workpiece by a predetermined clear- 
ance distance. 

[0072] And, at the next step S17, whether the joining 
of all the join parts of the workpiece is finished or not is 
judged, and when it is not finished, the process goes to 
Step S1 8, and the operation for one point is completed, 
and the next join point is set, and the process is returned 
to Step Sir and the joining operation for the next point 
is started.^ 

[0073] When it is judged at Step S1 7 that the opera- 
tion at all the join points of the workpiece is completed, 
at Step S19, the rotation control unit 12 outputs the 
speed indication value 0 to the rotation motor 25 and 
stops the rotation. At the next step S20, the rotation con- 
trol unit 12 judges whether the rotational speed of the 
rotation motor 24 is 0 or not, and when it is 0, the process 
goes to Step S21, and the operation of one workpiece 

3 is completed. At Step S21, when the rotational speed 
does not reach 0 even if a specified time, for example, 
a time of 2 seconds elapses after output of the rotation 
stop instruction, the process goes to Step S7 and as an 
error of the rotation motor (the eighth axis) 25. stops the 
robot (Step S8). 

[0074] In the aforementioned embodiment, the joining 
operation in one workpiece is performed without stop- 
ping the rotation of the rotor. However, the present in- 
vention is not limited to it and the rotation may be 
stopped at each join point or the rotation may be con- 
trolled not to stop every end of each workpiece. 
[0075] Further, in this embodiment, the rotational 
speed at the time of pressurization is changed in 3 stag- 
es. However, the rotational speed may be changed in 2 
stages or 4 or more stages and it may be controlled so 
as to change steplessly and continuously. Furthermore, 
in this embodiment, the rotational speed is controlled so 
as to be high in the early stage and to be reduced as the 
time elapses. However, the present invention is not lim- 



ited to it, and depending on a workpiece, the rotational 
speed may be controlled so as to be low in the early 
stage and to be increased as the time elapses, or it may 
be controlled so as to be high in the early stage, low in 
5 the intermediate stage, and high again in the end stage. 
[0076] Further, in this embodiment, the rotational 
speed is detected, assuming the pressurization time of 
one joining operation as t L at the central time t L /2 there- 
of. Namely, among the speeds in the 3 stages, only 

io whether the speed in the intermediate stage is within a 
predetermined speed range or not is monitored. How- 
ever, the present invention is not limited to it and when 
the rotational speed is set in a plurality of stages, the 
rotational speed may be controlled so as to be moni- 
es tored in each stage. Namely, a predetermined rotational 
speed range is set in each stage, and whether the rota- 
tional speed is within the predetermined speed range at 
the center of each stage or not is monitored, and at the 
point of lime when it is judged that the rotational speed 

20 is not within the predetermined speed range, the robot 
may be stopped as a rotational speed error. 
[0077] Further, in the aforementioned embodiment, 
when at least one of the rotational speed and the pres- 
sure is beyond the predetermined range, the joining op- 

25 eration is controlled so as to be stopped. However, the 
present invention is not limited to it and when one of the 
two is within the predetermined range, the joining oper- 
ation is continued and only when both the two are be- 
yond the predetermined range, the joining operation 

30 may be controlled so as to be stopped. 

[0078] As another embodiment of the present inven- 
tion, at the time of joining, not only the rotational speed 
but also the pressure may be controlled so as to change. 
For example, the pressure may be controlled so as to 

35 be high at the time of high-speed rotation in the early 
stage, medium at the time of intermediate-speed rota- 
tion, and low at the time of low-speed rotation in the end 
stage. By doing this, the joining quality can be improved 
more. Also in this case, in each pressurization stage, 

^0 whether the pressure is within a predetermined range 
or not is monitored and when the pressure is not within 
the predetermined range, the joining operation may be 
controlled so as to be stopped. 

[0079] Further depending on each workpiece, the 
^5 pressure may be controlled so as to be high at the time 
of low-speed rotation and low at the time of high-speed 
rotation and furthermore, the rotational speed is kept 
constant and only the pressure at the time of joining may 
be controlled so as to change. 
so [0080] Further, in the aforementioned embodiment, 
the workpieces are made of an aluminum alloy. Howev- 
er, the present invention is not limited to it and workpiec- 
es may be made of other metals or made of synthetic 
resin. 

55 [0081] As mentioned above, according to the present 
invention, the friction stir joining apparatus has the ro- 
tation control unit by which the rotational speed of the 
rotor can be controlled variably. By doing this, spot join- 
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ing can be executed at a most suitable rotational speed. 
Further, the straight movement control unit can finely 

rcontrol the pressure and can execute joining at pressure 
most suitable for spot joining. 

' [0082] Further, according to the present invention, 
when, for example, the rotor is rotated, the rotation con- 
trol unit detects necessity of force higher than predeter- 
mined force, or when the rotor is pulled up, the straight 
movement control unit detects necessity of force higher 
than predetermined force, it can be judged that the tip 
portion of the rotor and an object to be joined are stuck 
each other due to fusion. By doing this, bonding due to 
fusion between the rotor and the object can be surely 
detected. 

[0083] Further, according to the present invention, the 
rotational speed control is performed while judging 
whether the instantaneous value detected during the 
joining operation is within a predetermined range or not. 
Namely, complicated control such as adaptation conlrol 
is not executed, so that the control can be simple. Even 
under such control of only judgment of whether the de- 
tected instantaneous value is within a predetermined 
range or not, in the frictional stirring spot joining, a low 
burst level which has no practical problems can be re- 
alized. 

[0084] In the same way, the pressure control only 
judges whether the instantaneous value during the join- 
ing operation is within a predetermined pressure range 
or not, so that the control can be simple. Even under 
such simple control, there is no practical problem. 
[0085] Further, according to the present invention, 
during the joining operation for pressing and joining the 
tip portion of the rotor to an object to be joined, the ro- 
tational speed of the rotor is changed by the rotation 
speed control unit, thus most suitable joining can be re- 
alized. 

[0086] Further, according to the present invention , the 
pressure is changed during the joining operation, thus 
most suitable joining can be realized. 



Claims 

1 . A friction stir joining apparatus comprising: 

a rotor having a tip portion; 

a rotation motor for roLaling said rotor about a 

rotation axis; 

a straight movement motor for moving said ro- 
tor along said rotation axis, said tip portion of a 
rotating rotor being pressed against an object 
to be joined so that said object is softened and 
stirred by a frictional heat at a contact between 
said tip portion and said object; 
a rotation control unit for variably controlling a 
rotational speed of said rotor; and 
a straight movement control unit for controlling 
a straight movement of said rotor so as to con- 



trol a pressure applied by said rotor to said ob- 
ject. 

2. The friction stir joining apparatus according to claim 
5 1 , further comprising: 

a support member fixedly supporting said rota- 
tion motor and said straight movement motor, 
said rotor being supported by said support 

10 member so as to be able to rotate about and 

move along said rotation axis; 
a rotation transmitting unit for transmitting a ro- 
tary power from said rotation motor to said rotor 
while allowing said rotor to move along said ro- 

15 tation axis; and 

a straight movement transmitting unit for trans- 
mitting a straight movement power from said 
straight movement motor to said rotor while al- 
lowing said rotor to roLale about said rotation 

20 axis. 

3. The friction stir joining apparatus according to claim 
2, further comprising: 

25 a receiver fixedly mounted on said support 

member so as to receive said object which is 
positioned between said rotor and said receiv- 
er; and 

a rotation shaft extending along said rotation 
30 axis, said rotor being mounted on said rotation 

shaft, said rotation transmitting unit transmit- 
ting said rotary power from said rotation motor 
to said rotation shaft while allowing said rota- 
tion shaft to move along said rotation axis; and 
35 W h ere j n sa jcj straight movement transmitting 

unit includes: 

a screw shaft of hollow shape for moving 
said rotor straight, said rotation shaft being 

*o inserted in said screw shaft; and 

a nut member rotatably supported by said 
support member and screwed on said 
screw shaft so as to form a ball screw, said 
nut member being configured to be rotated 

45 by said straight movement motor. 

4. The friction stir joining apparatus according to claim 
1, wherein, by use of at least one of said rotation 
control unit and said straight movement control unit, 

50 said apparatus detects whether said tip portion of 
said rotor is joined with said object due to fusion. 

5. The friction stir joining apparatus according to claim 
1 , wherein said rotation control unit during a joining 

55 operation detects whether said rotational speed of 
said rotor is within a predetermined range of rota- 
tional speed or not and when said rotation control 
unit judges that said rotational speed is not within 
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said predetermined range of rotational speed, said 
4 rotation control unit stops said joining operation. 

u 

6. The friction stir joining apparatus according to claim 
* 1 , wherein said straight movement control unit dur- 
ing a joining operation detects whether pressure is 
within a predetermined range of pressure or not and 
when said straight movement control unit judges 
that said pressure is not within said predetermined 
range^of pressure, said straight movement control 
unit stops said joining operation. 

7. The friction stir joining apparatus according to claim 
1, wherein said rotation control unit changes said 
rotational speed of said rotor during a joining oper- 
ation. 



0 



O 



8. The friction stir joining apparatus according to claim 
7, wherein said slraighl movement control unit out- 
puts in an early stage of said joining operation a 
speed instruction value of triangular wave shape 
having an inclined wave portion which increases 
said rotation speed of said rotor with time. 

9. The friction stir joining apparatus according to claim 
1, wherein said straight movement control unit 
changes said pressure during a joining operation. 

1 0. The friction stir joining apparatus according to claim 

I, wherein said rotation control unit changes said 
rotational speed of said rotor during a joining oper- 
ation; and 

wherein said straight movement control unit chang- 
es said pressure during said joining operation. 

1 1 . The friction stir joining apparatus according to claim 

10, wherein said rotation control unit changes said 
rotational speed of said rotor with time during said 
joining operation. 

12. The friction stir joining apparatus according to claim 

II , wherein said rotation control unit changes said 
rotational speed of said rotor during said joining op- 
eration so as to decrease said rotation speed of said 
rotor with time. 

13. The friction stir joining apparatus according to claim 

11 . wherein said rotation control unit changes said 
rotational speed of said rotor during said joining op- 
eration so as to increase said rotation speed of said 
rotor with time. 

14. The friction stir joining apparatus according to claim 
11 , wherein said rotation control unit changes said 
rotational speed of said rotor during said joining op- 
eration so that said rotational speed is set at high 
speed, low speed, and high speed in this order with 
time. 



15. The friction stir joining apparatus according to claim 
11, wherein said rotation control unit controls said 
rotational speed of said rotor during said joining op- 
eration so that said rotational speed is changed in 

5 steps or continuously with time. 

1 6. The friction stir joining apparatus according to claim 
1 1 , wherein said straight movement control unit out- 
puts in an early stage of said joining operation a 

10 speed instruction value of a wave shape having an 
inclined wave portion which increases said rotation 
speed of said rotor with time. 

1 7. The friction stir joining apparatus according to claim 
15 1 6, wherein said wave shape of said speed instruc- 
tion is triangular. 

18. A method of controlling a friction stir joining appa- 
ratus including a rotor having a tip portion; a rotation 

20 motor for rotating said rotor about a rotation axis; a 

straight movement motor for moving said rotor 
along said rotation axis, said tip portion of a rotating 
rotor being pressed against an object to be joined 
so that said object is softened and stirred by a frie- 
rs tional heat at a contact between said tip portion and 
said object, comprising: 



a rotation control step of variably controlling a 
rotational speed of said rotor using a rotation 
control unit; and 

a straight movement control step of controlling 
a straight movement of said rotor so as to con- 
trol a pressure applied by said rotor to said ob- 
ject using a straight movement control unit. 



30 



35 



1 9. The method of controlling said friction stir joining ap- 
paratus according to claim 18, wherein said friction 
stir joining apparatus further comprises a support 
member fixedly supporting said rotation motor and 

40 said straight movement motor, said rotor being sup- 
ported by said support member so as to be able to 
rotate about and move along said rotation axis; a 
rotation transmitting unit for transmitting a rotary 
power from said rotation motor to said rotor while 

4 5 allowing said rotorto move along said rotation axis; 

and a straight movement transmitting unit for trans- 
mitting a slraighl movemenl power from said 
straight movement motor to said rotor while allow- 
ing said rotor to rotate about said rotation axis. 

50 

20. The method of controlling said friction stir joining ap- 
paratus according to claim 19, wherein said friction 
stir joining apparatus further comprises a receiver 
fixedly mounted on said support member so as to 

55 receive said object which is positioned between 
said rotor and said receiver; and a rotation shaft ex- 
tending along said rotation axis, said rotor being 
mounted on said rotation shaft, said rotation trans- 
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mitting unit transmitting said rotary power from said 
rotation motor to said rotation shaft while allowing 
y said rotation shaft to move along said rotation axis; 
and 

wherein said straight movement transmitting 5 
unit includes a screw shaft of hollow shape for mov- 
ing said rotor straight, said rotation shaft being in- 
serted in said screw shaft; and a nut member rotat- 
ably supported by said support member and 
screwed on said screw shaft so as to form a ball 10 
screw, said nut member being configured to be ro- 
tated by said straight movement motor. 

21 . The method of controlling said friction stir joining ap- 
paratus according to claim 18, wherein, by use of 15 
at least one of said rotation control unit and said 
straight movement control unit, said apparatus de- 
tects whether said tip portion of said rotor is joined 
with said object due to fusion. 

20 

22. The method of controlling said friction stir joining ap- 
paratus according to claim 18, wherein said rotation 
control unit during a joining operation detects 
whether said rotational speed of said rotor is within 

a predetermined range of rotational speed or not 25 
and when said rotation control unit judges that said 
rotational speed is not within said predetermined 
range of rotational speed, said rotation control unit 
stops said joining operation. 

30 

23. The method of controlling said friction stir joining ap- 
paratus according to claim 18, wherein said straight 
movement control unit during a joining operation 
detects whether pressure is within a predetermined 
range of pressure or not and when said straight 35 
movement control unit judges that said pressure is 

not within said predetermined range of pressure, 
said straight movement control unit stops said join- 
ing operation. 

40 

24. The method of controlling said friction stir joining ap- 
paratus according to claim 18, wherein said rotation 
control unit changes said rotational speed of said 
rotor during a joining operation. 

45 

25. The method of controlling said friction stir joining ap- 
paratus according to claim 24, wherein said straight 
movement control unit outputs in an early stage of 
said joining operation a speed instruction value of 
triangular wave shape having an inclined wave por- so 
tion which increases said rotation speed of said ro- 
tor with time. 



27. The method of controlling said friction stir joining ap- 
paratus according to claim 1 8, wherein said rotation 
control unit changes said rotational speed of said 
rotor during a joining operation; and 

wherein said straight movement control unit 
changes said pressure during said joining opera- 
tion. 

28. The method of controlling said friction stir joining ap- 
paratus; according to claim 27, wherein said rota- 
tion control unit changes said rotational speed of 
said rotor with time during said joining operation. 

29. The method of controlling said friction stir joining ap- 
paratus according to claim 28, wherein said rotation 
control unit changes said rotational speed of said 
rotor during said joining operation so as to decrease 
said rotation speed of said rotor with time. 

30. The method of controlling said friction stir joining ap- 
paratus according to claim 28, wherein said rotation 
control unit changes said rotational speed of said 
rotor during said joining operation so as to increase 
said rotation speed of said rotor with time. 

31 . The method of controlling said friction stir joining ap- 
paratus according to claim 28, wherein said rotation 
control unit changes said rotational speed of said 
rotor during said joining operation so that said rota- 
tional speed is set at high speed, low speed, and 
high speed in this order with time. 

32. The method of controlling said friction stir joining ap- 
paratus according to claim 18, wherein said rotation 
control unit controls said rotational speed of said ro- 
tor during said joining operation so that said rota- 
tional speed is changed in steps or continuously 
with time. 

33. The method of controlling said friction stir joining ap- 
paratus according to claim 28, wherein said straight 
movement control unit outputs in an early stage of 
said joining operation a speed instruction value of 
a wave shape having an inclined wave portion 
which increases said rotation speed of said rotor 
with time. 

34. The method of controlling said friction stir joining ap- 
paratus according to claim 33, wherein said wave 
shape of said speed instruction is triangular. 



26. The method of controlling said friction stir joining ap- 
paratus according to claim 18, wherein said straight 55 
movement control unit changes said pressure dur- 
ing a joining operation. 
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